Henry's law constants of the solutes methane, nitrogen, oxygen and carbon dioxide in the solvent ethanol are predicted by molecular simulation. The molecular models for the solutes are taken from previous work. For the solvent ethanol, a new rigid anisotropic united atom molecular model based on Lennard-Jones and Coulombic interactions is developed.
Introduction
The goal of the 2nd Industrial Fluid Properties Simulation Challenge 2004 organized by the American Institute of Chemical Engineers (AIChE) is "to assess the current abilities and inabilities in the prediction of physical properties applying force fields and molecular techniques"
[1]. One problem proposed in this Challenge is the prediction of Henry's law constants for the solutes methane, nitrogen, oxygen and carbon dioxide in the solvent ethanol at the temperatures 323 and 373 K. This problem is tackled here using multi-center Lennard-Jones, polar and electrostatic interaction potentials together with molecular simulation.
For modeling the solutes, the symmetric two-center Lennard-Jones plus pointpolarity potential is used. The parameters of this model were adjusted for 80 pure fluids to experimental saturated liquid density and vapor pressure data in previous work of our group [2, 3] .
Many molecular models for ethanol are available in the literature, some of them consider all atoms explicitly, some of them use the united atom approach for methyl and methylene groups.
Most of the existing models account for internal degrees of freedom, but only few explicitly for polarizability effects. An overview of ethanol models from the literature is given in section 2.1.
Among the available molecular models for ethanol, the probably most appropriate for predicting vapor-liquid coexistence properties is the transferable potential for phase equilibriaunited atom (TraPPE-UA) of Chen et al. [4] . That model accounts for internal degrees of freedom. In the present work, a new simple molecular model for ethanol was developed with the aim to yield at least as accurate results but with distinctly less computational and programming effort. The new rigid effective ethanol model is of the united-atom type and based on LennardJones and Coulombic interactions. The united atom approach and the neglect of internal degrees of freedom saves computation time which is desirable for applications of force field methods in industrially relevant problems.
An infinitely diluted solute in a solvent only experiences solute-solvent interactions. The results for Henry's law constants from molecular simulations therefore depend on the model used for describing the unlike solute-solvent interaction. Consequently, predictions of the Henry's law constant from pure component data alone are a hard test for every molecular model. The unlike interactions are usually determined from the like interactions which are known from pure component models by combining rules like that of Lorentz-Berthelot. These combining rules usually only have a weak theoretical basis so that it is an open question how useful they are for predictions of Henry's law constants from pure component data alone. On that background it makes sense to also study modified combining rules which allow an adjustment of the model for the unlike interaction to experimental mixture data. Experience shows that if such an adjustment is carried out even for only one single mixture data point, excellent predictions of mixture properties can be achieved over a wide range of states [5] - [8] .
Henry's law constants were predicted by applying the molecular models which were parameterized exclusively to pure substance vapor-liquid equilibria and by using the Lorentz-Berthelot combining rule for the unlike Lennard-Jones interactions. Also some other combining rules are briefly discussed. Additionally, the modified Lorentz-Berthelot combining rule with one state independent binary adjustable parameter is investigated.
Molecular Models

Ethanol models from the literature
In this section, an overview of molecular ethanol models from the literature based on the Lennard-Jones potential and point charges is given. The models are assessed regarding their description of vapor-liquid equilibria where such information is available in the literature. In 1981, Jorgensen [9] presented a rigid ethanol model based on transferable intermolecular poten-tial functions (TIPS). TIPS consider the methyl and methylene groups as single Lennard-Jones sites, centered on the carbon nuclei and a single Lennard-Jones site centered on the oxygen nucleus accounting for the dispersion and repulsion of the hydroxyl group. Point charges are located on the hydroxyl hydrogen and the bonded oxygen nucleus. The charge located on the methylene group is chosen to achieve overall neutrality of the molecule. That model was developed to yield reasonable structural and energetic results. Subsequently, Jorgensen investigated the effect of internal rotation in the ethanol molecule about the carbon-oxygen bond [10] , regarding the structure and hydrogen bonding and compared the results to X-ray data for the solid and to ab initio molecular orbital calculations.
Improvements of the Lennard-Jones parameters of the united alcyl [11] and hydroxyl groups, the point charges, the internal rotational potential and the geometry, were achieved by fitting directly to experimental thermodynamic and structural data, as well as quantum chemical molecular mechanics calculations. This yielded the united-atom optimized potential model for liquid simulations (OPLS-UA) [12] . Vapor-liquid equilibria with the OPLS-UA were calculated by van Leeuwen [13] . A comparision of the these simulation results with experimental data shows a mean unsigned error 1 of about 30 % in vapor pressure, 6 % in saturated liquid density and 7 % in heat of vaporization. Stubbs et al. [14] suggested a modification of the Lennard-Jones parameters of the OPLS-UA methyl group. Petravic and Delhommelle [15] termed this modified model S2 and compared it to the OPLS-UA regarding liquid density, hydrogen bonding and diffusion. From that study, it was concluded that the S2 model improves the prediction of liquid density. However, the S2 model overestimates the diffusion coefficient by approximately 15 %, whereas the OPLS-UA gives better results. Also the influence of the internal degrees of freedom on transport quantities has been studied by Petravic and Delhommelle. They showed that 1 mean unsigned error:
, where M is the number of simulated data, z sim i is the simulated and z exp i the experimental quantity of interest. the density is affected only slightly by the internal degrees of freedom, in contrast to diffusion coefficients.
More detailed potential models for ethanol consider all atoms explicitly. Müller-Plathe [16] designed such an all atom model including internal rotation about the carbon-oxygen bond to give reasonable bulk properties in mixtures with water. Jorgensen et al. [17] published an OPLS all atom potential model (OPLS-AA) considering additionally stretching, bending and internal rotation about the carbon-carbon and carbon-oxygen bond. A similar molecular model which uses the same approach as OPLS-AA but with a different parameter set is the AMBER94 force field [18, 19] . Panagiotopoulos [20] concluded that the OPLS models are not appropiate predicting vapor-liquid coexistence since they were developed for energetic and structural properties at ambient conditions.
Optimized models for vapor-liquid equilibria of linear and branched alkanes were developed by Martin and Siepmann [21, 22] , i.e. transferable potentials for phase equilibria-united atom (TraPPE-UA). The TraPPE-UA was extended to alcohols [4] which gives to our knowledge the most accurate existing ethanol model for vapor-liquid equilibria. It was found that this model yields vapor pressures, saturated liquid densities and heats of vaporization with mean unsigned errors of about 8, 1 and 1 %, respectively.
Since polarazible molecular models are computationally very expensive, only few ethanol models of that type are available. The polaraziable intermolecular potential function (PIPF) proposed by Gao et al. [23] is based on the reparamerization of the OPLS-AA plus isotropic point polarization on each atom. That model was developed to yield better results for heat of vaporization and density. Another polarizable model is that from González et al. [24] . It is based on the OPLS-UA and consists of only one isotropic point polarizability on the (pseudo) oxygen atom. Delhommelle et al. [25] showed for pentane and hydrogen sulfide that polarizable models can give better predictions of mixture vapor-liquid equilibria.
New ethanol model
A new ethanol model was developed with the aim to give accurate vapor-liquid equilibria with low computational and programming effort. It neglects the internal degrees of freedom and uses nuclei off-center Lennard-Jones united atoms for the methyl, methylene and hydroxyl group, accounting for repulsion and dispersion. Point charges are located on the methylene and hydroxyl Lennard-Jones centers, as well as on the nucleus position of the hydroxyl hydrogen. The Coulombic interactions account for both polarity and hydrogen bonding.
The molecular interaction and geometry of the resulting model is described in the following.
The potential energy u i j between two ethanol molecules i and j is given by
where a is the site index of molecule i and b the site index of molecule j, respectively. The sitesite distance between molecules i and j is denoted r i jab . σ ab , ε ab are the Lennard-Jones size and energy parameters, q ia and q jb are the point charges located at the sites a and b on the molecules i and j, respectively. Finally, ε 0 is the permittivity of vacuum. The interaction between unlike
Lennard-Jones sites of two ethanol molecules is defined by the Lorentz-Berthelot combining rules
The geometry of the present ethanol model and the potential parameters are given in Figure 1 and Table 1 . Starting from these positions, for the methyl and methylene group the AUA4 parameters of Ungerer et al. [27] were applied. The AUA4 parameters were optimized by Ungerer et al. for
vapor-liquid equilibria of linear alkanes. Following the approach of Ungerer et al. [27] , a small offset of the Lennard-Jones hydroxyl center (0.1010 Å) in direction to the hydroxyl hydrogen nucleus was allowed for optimization. The five parameters of the hydroxyl group were fitted to yield optimal saturated liquid densities and vapor pressures. The parameters are the two point charges, the Lennard-Jones size and energy parameters as well as the offset of the hydroxyl Lennard-Jones center. These parameters were chosen since they model the strongly interacting hydrogen bond and since the methyl and methylene parameters were already optimized by
Ungerer et al. [27] . The point charge on the methylene center was set in such a manner to yield overall neutrality of the molecular model.
The proposed set of charges in the present work yields a resulting dipole moment of 2.47 D.
Quantum chemistry calculations (Møller-Plesset level 2 with basis set aug-cc-pVTZ) in a cavity (COSMO with a dielectric constant ε r = 25) and in the vacuum yield dipole moments of 1.99 and 2.10 D, respectively. Note that the higher dipole moment of the molecular model than those from quantum chemistry calculations is not unusual for modeling hydrogen bonding molecules with point charges.
Pure substance vapor-liquid equilibria for the optimization of the ethanol model were calculated using the N pT +test particle method proposed by Möller and Fischer [28] - [30] . To determine the residual chemical potential in the liquid phase with high accuracy, the Monte
Carlo based gradual insertion method [31] - [33] was used. For the residual chemical potential in the vapor phase, standard Monte Carlo simulations with Widom's test particle insertion [34] proved to be sufficient. Simulation details are given in the Appendix.
Results for vapor-liquid equilibria obtained with the new ethanol model together with experimental data [35] are given in Table 2 . 
Solutes
Numerous Lennard-Jones based potential models for the solutes studied in the present work are available from the literature, e.g. for methane [5, 11, 21] , [37] - [39] , for nitrogen [37] - [49] , for oxygen [38, 39, 42, 46, 50] and for carbon dioxide [30, 37, 38, 47] , [51] - [55] .
Here, models of the symmetric two-center Lennard-Jones plus pointquadrupole (2CLJQ)
type [2] were choosen, since that model class is able to describe the intermolecular interactions of all four solute molecules consistently. Furthermore, it has succesfully been applied to mixtures [3, 8] . The potential parameters were adjusted in previous work of our group [2, 3] exclusively to experimental pure component vapor-liquid equilibria, i.e. bubble density and vapor pressure. The complete parameter set of the solute models is listed in Table 3 . A detailed definition of the symmetric elongated quadrupole with momentum Q is given in [3] . The mean unsigned error of the vapor pressure, saturated liquid density and heat of vaporization is smaller than 1, 3 and 3 %, respecitvely, for all four solute models practically over the whole vapor-liquid equilibrium temperature range.
Mixtures
In molecular simulations of binary mixtures with pairwise additive potentials, three different interactions are present: two between molecules of the same component which are fully defined by the pure substance models and the unlike interaction between molecules of different kind.
The unlike polar interactions were determined in a straightforward manner without using binary parameters. To define the unlike Lennard-Jones interactions between solvent and solutes methane, nitrogen, oxygen and carbon dioxide, the modified Lorentz-Berthelot combining rule was used
where ξ is the binary interaction parameter which accounts for mixture effects.
In the "predictive mode", the Henry's law constants were computed setting ξ = 1, cf. Equation (5).
Simulations of many binary mixtures [3, 8] have shown that the Lorentz-Berthelot combining rule (ξ=1) is too crude to predict the unlike Lennard-Jones energy parameter in an accurate way. Therefore, in the "adjusted mode", ξ was fitted to one experimental Henry's law constant.
Compared to using polarizable models, the adjustment of the state independent parameter ξ is a simple procedure [8] . The results for the predictive and the adjusted mode calculating Henry's law constants are discussed in Section 4.
Other combining rules were suggested e.g. [68] . They were mainly developed on the basis of noble gas data.
The unlike Lennard-Jones energy parameters of binary noble gas mixtures determined from the above mentioned combining rules are mostly smaller than those given by the geometric mean of the Lorentz-Berthelot combining rule. But as shown in Section 4, the unlike solvent-solute interaction determined from the Lorentz-Berthelot combining rule has to be increased for three out of the four studied solutes (ξ > 1) to yield quantitative results. Therefore, the alternative combining rules will not give better predictions and were not studied further.
Henry's law constants
Several approaches have been proposed in the literature [56, 57] 
where k B is the Boltzmann constant, T the temperature, ρ the density of the solvent.
In order to evaluate µ i ∞ , molecular dynamics simulations applying Widom's test particle method [34] are sufficient here. This is due to the fact, that the solute molecules are all smaller than ethanol molecules and so acceptable statistics can be achieved. Therefore, test particles representing the solute i were inserted after each time step at random positions into the liquid solvent and the potential energy between the solute test particle and all solvent molecules ψ i was calculated within the cut-off radius
where V is the volume and the brackets represent the N pT ensemble average.
The residual chemical potential at infinite dilution and hence, the Henry's law constant is directly attributed to the unlike solvent-solute interaction and indirectly to the solvent-solvent interaction which yields the configurations of the solvent molecules. In these configurations, the solvent test particles are inserted. The mole fraction of the solute in the solvent is exactly zero, as required for infinite dilution, since the test particles are instantly removed after the potential energy calculation. Simulations were performed at specified temperature and the according vapor pressure of pure ethanol.
Results
Henry's law constants of the four solutes methan, nitrogen, oxygen and carbon dioxide in ethanol were determined from simulation in the predictive mode at temperatures between 273
to 498 K with an increment of 25 K. These simulation results are given in Table 4 .
For assessing the simulation results reliable experimental data are necessary. For each of the four studied systems, the available experimental data were grouped into two categories: was adjusted to experimental data of the Henry's law constants at 298 K (methane [69] , nitrogen [70] , oxygen [71] and carbon dioxide [72] ). The adjusted binary interaction parameters are ξ = 1.0403 (methane), 1.0449 (nitrogen), 0.9820 (oxygene) and 1.0790 (carbon dioxide) and were used for predictions of the Henry's law constants at other temperatures. The results given in Table 5 and shown in Figures 5 to 8 are what we hold to be presently the most reliable and available information on H(T ) of the studied solutes in ethanol. The predictions are confirmed in the only case were the experimental data base allows such a test, i.e. for nitrogen ( Figure 6 ).
Recently recommended experimental data were published on the Internet [96] . In Figures   5 to 8, these data were added together with their uncertainties which are typically about 5 %.
All simulation results of the descriptive mode agree with the recommended experimental results within the uncertainties. Hence, the estimated deviations of the Henry's law constants determined in the predictive mode are validated by these recommended data.
Additionally to the calculation of the Henry's law constants, the vapor-liquid equilibria of the mixture carbon dioxide and ethanol at 323 K were simulated with the Grand Equilibrium method [97] using the adjusted binary interaction parameter (ξ = 1.0790). The simulation results and the experimental data are given in Figure 9 .
The excellent agreement of the decriptive mode results for both the Henry's law constants and the vapor-liquid equilibria over the whole composition range confirm that reliable mixture properties can be obtained over a wide range of state points with simple molecular models when the unlike interactions are adjusted to a small experimental data basis.
Conclusion
A new rigid molecular model for ethanol was developed modelling dispersion and repulsion with three Lennard-Jones sites for the methyl, methylene and hydroxyl group and modelling the polarity and hydrogen bonding with three point charges located at the methylene and hydroxyl The methods applied in this work to calculate Henry's law constants are limited to solute molecules of smaller size than the solvent molecules due to Widom's test particle method. In future work, the feasibility with strongly dipolar solute molecules will be examined.
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Appendix, Simulation Details
In all simulations N = 864 molecules were used. The calculation of the vapor-liquid equilibra of pure ethanol was done with the N pT +test particle method [28] - [30] . In order to determine the chemical potential and pure ethanol properties in the liquid phase, the gradual insertion method [31] - [33] was applied. In such a simulation run, the liquid is equilibrated in the N pT ensemble sufficiently over 10 000 cycles without fluctuating molecules and adjusting the maximum displacement of translation, rotation and volume to yield acceptance rates of 50 %. After that, In order to evaluate the Henry's law constants, molecular dynamics simulations have been performed. After a long equilibration of 200 000 time steps, 250 000 production time steps were carried out inserting 4N test particles after each step.
The Lennard-Jones long range interactions beyond the cut-off radius were corrected employing angle averaging proposed by Lustig [73] . The coulombic interactions were corrected using the reaction field method [74] . The cutoff radius was at least 17.5 Å. The quadrupolar interaction needs no long range correction, as its contribution disappears by orientational averaging. For the simulation of pure ethanol vapor, the diameter of the cutoff sphere was chosen close to half simulation box length due to faster equilibration and better sampling. 
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